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DELTA INFORMATION DESIGN CLOSURE
INTEGRATED CIRCUIT FABRICATION

RELATED APPLICATION

This application claims the benefit of U. S. provisional
Patent Application Ser. Nos. 60/517,648, filed Nov. 6, 2003,

60/517,664, filed Nov. 6, 2003, and 60/559,267, filed Apr. 2,
2004, all of which are currently pending.

TECHNICAL FIELD

The disclosure herein relates generally to fabricating
integrated circuits. In particular, this disclosure relates to
systems and methods for manufacturing integrated circuit
devices or chips.

BACKGROUND

The design and manufacture of highly complex electronic
circuits, referred to as very-large-scale integrated (“VLSI”)
circuits mvolves many stages. A typical System-on-Chip
(“SoC”) or chup design begins with the broad characteristics
of each circuit of the SoC in terms of mputs and outputs.
This broad conceptual design i1s then refined into an archi-
tectural design that shows the major functional units of each
circuit and the interactions between these units. Each unit 1s
then designed at a more detailed but still abstract level,
typically using logic gates that perform the functions as
appropriate to the design. The logic gate specification 1s then
converted into an integrated-circuit (“IC”") layout that is
subsequently used to manufacture the chip. Following
design, the IC layout 1s passed to manufacturing for use 1n
producing chips.

Between the design and the manufacturing specification
are the analysis and synthesis tools that ensure correct
tfunctioning of the chip manufactured from the IC design.
The analysis tools are used to detect local layout errors such
as design-rule violations, and more global design errors such
as logical failures, short-circuits, and power inadequacies,
for example. One fundamental analysis technique used by
designers mvolves analysis of the signal timing associated
with the IC layout.

Timing constraints typically demand that each transistor
of an IC design switch correctly within finite pre-specified
time windows, where the finite time windows are pre-
partitioned based on the delays of each component in the
circuit. The sub-100 nanometer (“nm”) SoC designs running
at 1 gigahertz (“GHz”) or faster clock speeds, for example,
require a transistor to complete a switching event of approxi-
mately 100 picoseconds 1n length during a timing window of
only a few hundred picoseconds. As such, the high-speed
associated with typical SoC designs has narrowed the timing
windows to extremely small windows.

The small timing windows are very sensitive to the
physical dimensions of the devices and the corresponding
interconnects, especially i sub-100 nm SoC designs. Con-
sequently, changes to critical physical dimensions of the
tabricated circuits introduced into the circuits by the manu-
facturing process adversely aflect the timing windows. As an
example, resolution enhancement techniques (“RET”) per-
formed as part of the manufacturing process induces sig-
nificantly longer transistor switching times because it
induces deviations of the poly gate lengths from the
designed sizes. Another example 1s associated with Chemi-
cal Mechanical Polishing (“CMP”), which also induces

significantly longer wire delay times as a result of dishing
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ellects produced on dense interconnects. Thus, most 1f not
all reported device and interconnect designs adopted 1n SoC
products have noted deviations 1n physical dimensions as a
result of the current design and manufacturing process tlow,
with many of the deviations being severe.

The design and manufacturing process ol chips 1s
expected, however, to ensure delivery of low cost chips
through high yield fabrication processes 1n spite of the 1ssues
associated with design deviations introduced during the
process. However, the timing issues described above force
the circuit designers and manufacturing engineers to sacri-
fice these criteria and over-design the chips in order to guard
band timing constraints. For example, additional builers are
often inserted 1n the middle of “critical paths” by designers
to 1mprove negative slack times. These over-designs com-
plicate the circuit description database, which in turn
increases fabrication costs, increases the size of chip areas
on a waler, and reduces chip yield.

A primary cause of the failure of the chip manufacturing
process to meet the above-stated objectives relates to a gap
in the mirastructure of the semiconductor industry’s typical
design-manufacture flow. In essence, the timing verification,
which 1s performed during the design stage before tape-out,
and the geometry verification, which 1s performed after
tape-out, are each performed 1n i1solation and without any
cross-referencing. Therefore, the transistor models and cir-
cuit netlists used 1n the timing analysis or verification are not
a part ol the documentation provided to the manufacturing
process. Likewise, the final silicon images printed on the
walers are not provided to the designers 1n abstract model
formats. Consequently, there 1s a need for an integrated
design-manufacturing process that bridges the gap between
design and manufacturing by incorporating the results of
both timing and geometry analyses/verifications into the IC
design process.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a block diagram of an Integrated Design-
Manufacturing Process (“IDMP””) 100A comprising a delta
flow that includes delta-geometry timing prediction pro-
cesses 102 and/or delta-timing shape prediction processes
104, under and embodiment.

FIG. 1B 1s a block diagram of an IDMP 100B that
includes a delta flow for use 1n fabricating integrated circuits
(“ICs”), under an embodiment.

FIG. 2 1s a block diagram of an IDMP that includes a delta
flow for use 1n fabricating ICs, under an alternative embodi-
ment.

FIG. 3 1s a flow diagram for the delta-geometry timing
prediction processes (“InTime processes™”), under an
embodiment.

FIG. 4 1s a block diagram of the InTime process for use
in generating delta information corresponding to intercon-
nect structures, under an embodiment.

FIG. 5 1s a flow diagram for the delta-timing shape
prediction processes Inlent processes, under an embodi-
ment.

FIG. 6 1s a block diagram of an IDMP that includes
delta-geometry timing prediction processes (InTime) and
delta-timing shape prediction processes (InTent) for use 1n
fabricating ICs, under the embodiments of FIG. 2, FIG. 3,
and FIG. 3.

FIG. 7 1s a block diagram of a transistor of an enhanced
IDMP device model, under an embodiment.

FIG. 8 1s a block diagram of gate/junction capacitances of
IDMP device model transistors, under an embodiment.
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FIG. 9 shows example parameters of a modified device
model transistor, under an embodiment.

FIG. 10A 1s a plot of signal delay versus gate length
variation for an IDMP device model transistor, under an
embodiment.

FIG. 10B 1s a plot of transistor saturation current versus
gate length variation for an IDMP device model transistor,
under an embodiment.

FIG. 11 1s a cross-section of an IDMP interconnect model,
under an embodiment.

FIG. 12 1s a plot of capacitive vanations (normalized)
versus interconnect perturbations Ad (as a percentage of
dimension d) of an IDMP interconnect model, under an
embodiment.

FIG. 13 1s a plot of capacitive vanations (normalized)
versus 1nterconnect perturbations At (as a percentage of
dimension t) of an IDMP interconnect model, under an
embodiment.

FIG. 14 1s a plot of timing delays (normalized) versus
interconnect perturbations Ad (as a percentage of dimension
d) of an IDMP interconnect model, under an embodiment.

FIGS. 15A, 15B, and 15C show an interconnect structure
undergoing delta parameter extraction, under an embodi-
ment.

FIG. 16 1s a flow diagram of the extrapolation extraction
process for extracting information of modified characteriza-
tion parameters ol a modified interconnect, under an
embodiment.

FIG. 17 1s a block diagram of polygonized interconnects,
under an embodiment.

FIG. 18 1s a computer system hosting the IDMP, under an
embodiment.

In the drawings, the same reference numbers identify
identical or substantially similar elements or acts. To easily
identify the discussion of any particular element or act, the
most significant digit or digits 1n a reference number refer to
the Figure number 1n which that element 1s first introduced
(e.g., element 102 1s first mtroduced and discussed with
respect to FIG. 1).

DETAILED DESCRIPTION

An mtegrated design-manufacturing process that includes
systems and methods for timing-driven shape closure 1n
integrated circuit (“IC”) fabrication 1s described below. The
systems and methods for fabricating ICs, also referred to
herein as the Integrated Design-Manufacturing Processes
(“IDMP”), integrate information of both the timing and
geometry verification processes of IC fabrication into the IC
design using a delta flow that includes delta-geometry
timing prediction processes and delta-timing shape predic-
tion processes.

FIG. 1A 1s a block diagram of an Integrated Design-
Manufacturing Process (“IDMP””) 100A comprising a delta
flow 101 that includes delta-geometry timing prediction
processes 102 and/or delta-timing shape prediction pro-
cesses 104, under and embodiment. The delta flow 101 of an
embodiment includes the delta-geometry timing prediction
processes 102 and/or the delta-timing shape prediction pro-
cesses 104 operating alone or in any combination. The
IDMP 100A integrates timing and geometry constraints of
an 1C design into the design process by integrating dimen-
sional variation information from geometry verification pro-
cesses (manufacturing stage) with circuit models to form
enhanced circuit models. The IDMP 100A uses the enhanced
circuit models to generate a simulated model of the IC
design or subparts of the IC design. The simulated model 1s
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used 1n timing verification processes (design stage) to gen-
crate timing variation information corresponding to the
model. The IDMP 100A of an embodiment uses the timing
variation information to produce dimensional variation rules
for use 1n generating the simulated models of the IC design.

The IDMP 100A of an embodiment provides a “delta
flow™ 101 for use 1 IC design processes. The delta tlow, 101
operates to use and generate delta or difference information
corresponding to parameters that characterize the 1C design.
The delta flow 101, operating alone or 1n conjunction with
other processes of an IC design-manufacturing system,
provides delta outputs that enhance or re-characterize cor-
responding parameters of the devices and 1nterconnect struc-
tures. The delta outputs are also referred to herein as
“delta-enhanced parametric imnformation”, “delta-enhanced
parameters”, or “delta information”. The delta-enhanced
parametric information output by the delta flow 101 can be
introduced into typical IC design processes of electronic
design automation (“EDA”) systems for example.

The delta-enhanced parametric information of an embodi-
ment comes 1n numerous forms as appropriate to an IC
design tlow. As an example, separate reports that include the
delta information of corresponding parameters may be pro-
vided. The delta-enhanced parametric information also may
include modified or re-characterized information of libraries
and/or models used 1n the IC design process. Modification or
re-characterization of the libraries and/or models can include
linking or appending the delta-enhanced parametric infor-
mation to one or more netlists (e.g., SPICE netlist) or models
(e.g., Berkeley short-channel IGFET model (“BSIM™)).
Modification or re-characterization of the libraries can also
include replacing information of one or more netlists with
new information that includes the delta-enhanced parametric
variations. Incremental interconnect and/or device modeling
using the delta information can be empirical, physical, or
semi-empirical (hybrid), but is not so limited.

In contrast to typical IC design processes that modily
parameters defining or characterizing an IC design in
response to timing and/or geometry verification processes,
the delta flow includes processes that generate and operate
on differences or “deltas” in parameters that define (or
characterize) the IC design. As an example, the deltas may
include one or more of incremental timing differences (also
referred to herein as “timing variations™, “delta-timing”, or
“At”) and incremental dimensional differences (also referred
to herein as “dimensional vanations™, “delta-geometry”, or
“Ad/At”) associated with the IC design. The differences may
also include incremental differences in circuit parameters
used to define or characterize the IC design (e.g., leakage
power). The circuit parameters mnclude but are not limited to
resistance (also referred to herein as “resistance variations”,
“delta-resistance”, or “AR”), capacitance (also referred to
herein as “capacitance variations”, “delta-capacitance”, or
“AC”), and inductance (also referred to herein as “induc-
tance vanations”, “delta-inductance”, or “AL”), and on the
device side, leakage power, etc.

The delta flow 101 includes processes that operate on
input information that may include delta information and, 1n
response, generates delta budgetary assignments corre-
sponding to one or more devices or mterconnects of the IC
design. The delta budgetary assignment generated by the
delta flow 101 can include difference information relating to
any number of parameters used to define the IC design as
described above, including but not limited to resistance,
capacitance, inductance, circuit constants, circuit or device
parameters, physical or geometric parameters, and timing
parameters. The mput delta mmformation 1s provided by or
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derived from other delta flow processes or other processes of
the EDA and/or design-to-manufacturing systems, but 1s not
so limited.

The delta flow 101 also generates a delta (or incremental)
output that reports the source and/or the location of difler-
ences 1n circuit parameters that may violate or adversely
impact the IC design. The delta output 1s provided separately
from the original information of the parameters with which
the delta output 1s associated (e.g., the AC 1s reported
separately for a particular value of capacitance C used to
characterize a device of the circuit).

Additionally the delta (incremental) information of the
delta flow 101 of an embodiment 1s provided as an mput into
any number of processes of the IC design flow, including
other delta flow processes. Use of the incremental delta
information i the design tlow reduces the dependency of
the design process on library and other mnformation of the
design process by ethiciently providing the difference infor-
mation of particular circuit parameters. The reduced depen-
dency on design library information increases the efliciency
of the IC design process because 1t reduces the number of
lookup or simulation operations that are to be performed
during the design process. Further, the delta information
allows for incremental processing of only difference infor-
mation associated with a parameter mstead of re-processing,
the enfire circuit after substituting one or more parameters
with new parameters.

In the following description, numerous specific details are
introduced to provide a thorough understanding of, and
enabling description for, embodiments of the systems and
methods for fabricating ICs. One skilled 1n the relevant art,
however, will recognize that these embodiments can be
practiced without one or more of the specific details, or with
other components, systems, etc. In other instances, well-
known structures or operations are not shown, or are not
described 1n detail, to avoid obscuring aspects of the dis-
closed embodiments of the systems and methods for fabri-
cating ICs.

FIG. 1B 1s a block diagram of an IDMP 100B that
includes a delta flow for use in fabricating ICs, under an
embodiment. The IDMP 100B of an embodiment includes
but 1s not limited to one or more of circuit design processes
10, circuit layout processes 12 (including placement and
routing), timing analysis processes 14, physical (geometry)
verification processes 20, RET processes 22, manufacturing
processes 24, delta-geometry timing prediction processes
102 (also referred to as “InTime processes™), and delta-
timing shape prediction processes 104 (also referred to as
“InTent processes™). The delta flow comprises the InTime
processes 102 and the InTent processes 104, but alternative
embodiments may include either the InTime processes 102
or the InTent processes 104 operating alone, as well as any
combination of components of the InTime processes 102
and/or the InTent processes 104 operating 1n any number of
combinations. While one or more of the circuit design
processes 10, layout processes 12, timing analysis processes
14, InTime 102, and InTent processes 104 may be compo-
nents of the design process, the embodiment 1s not limited
to this process tlow as any of these processes 10, 12, 14, 102,
and/or 104 can be components of any other part of the IC
fabrication process. Likewise, while one or more of the
geometry verification processes 20, RET processes 22, and
manufacturing processes 24 may be components of the
manufacturing process, the embodiment 1s not limited to this
process flow as any of these processes 20, 22, and/or 24 can
be components of any other part of the IC fabrication
process.
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As electronic circuit designers generally rely upon com-
puter programs to assist and automate the circuit design
process because the circuits typically contain a very large
number of individual pieces (also referred to as “cells™), the
IDMP 100B may include or coupled with one or more
components of an EDA system or other electronic system
used to automate the circuit design and fabrication of IC
devices, but 1s not so limited. Therefore, while the descrip-
tion below refers to the IDMP 100B, 1t 1s understood that the
IDMP components 10-104 may function as independent
components each coupled alone or 1n one or more different
combinations to one or more EDA systems known 1n the art.

The IDMP 100B generally receives one or more high-
level behavioral descriptions of an IC device (e.g., in HDL
languages like VHDL, Verlog, etc.) and translates these
high-level design-language descriptions into descriptions of
various levels of abstraction, also referred to as “netlists”. A
netlist describes the IC design and comprises nodes (ele-
ments) and edges (connections between nodes), and can be
represented using a directed cyclic graph structure having
nodes which are connected to each other with signal lines.
At a higher level of abstraction, a generic netlist 1s produced
based on technology-independent primitives. The IDMP
100B can translate the generic netlist into a lower level
technology-specific netlist 1n accordance with a technology-
specific library. The technology-specific library, also
referred to herein as a “cell library” or “device library”,
includes gate-specific models for use in estimating timing
and power parameters of the design. The IDMP 100B system
stores netlists in machine readable media, and processes and
verifies the information of the netlists to produce a physical
device layout 1n mask form which can be used to directly
implement structures in silicon to realize the physical IC
device.

Circuit designers generate or produce the high-level
description of the circuit design 1n a hardware description
language such as Verilog or VHDL in the circuit design
process 10. This high-level description 1s converted into a
netlist that 1s a description of the electronic circuit which
specifies the cells that compose the circuit and which pins of
which cells are to be connected together using wires (also
referred to herein as “interconnects” or “nets”). The netlist
does not specily where on a circuit board or silicon chip the
cells are placed or the routing of the wires which connect the
cells.
The IDMP 100B generates a layout using information of
the netlist in one or more layout processes 12. The layout
process 12 determines cell placement and 1nterconnect rout-
ing given the geometry of a silicon chip, for example, using
a placement process and a routing process to produce an IC
design layout.

The cell placement process uses information of the netlist
to 1dentity a potential location for each cell on the silicon
chip, with the locations typically specified in two dimen-
sional spatial coordinates (e.g., (X, y) coordinates) on the
chip. The locations are typically selected to optimize certain
objectives such as wire length, wire routing, circuit speed,
circuit power consumption, and/or other criteria, subject to
the condition that the cells are spread evenly over the chip
and that there 1s no overlapping of cells. The output of the
layout process includes a data structure including the (x, y)

location for each cell of the IC design.
The IDMP 100B supplies the netlist and the cell location

data structure, generated by the placement process, to an
automatic wire routing process (also referred to as a
“router”). The router generates wire geometry within the
data structure for connecting pins together. The router deter-
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mines the interconnect paths from a topological standpoint
and lays down the actual geometries and connected wire
segments 1 appropriate layers of the chip. The wire geom-
etry data structure and cell placement data structure together
are used to make the final geometric database used 1n
tabrication of the IC.

The IDMP 100B couples information of the IC design
layout to the InTime process 102 through any combination
of the processes 10-24 of the IDMP 100B. In addition to the
IC design layout the InTime process 102 also receives
dimensional variation information from one or more geoms-
etry verification processes (not shown), but 1s not so limited.
Alternative embodiments may include processes that derive
the dimensional vanation information from information of
one or a combination of the processes 10-24 of the IDMP
100B.

The dimensional variation information of an embodiment
includes at least one of lateral and/or vertical dimensional
variation information (“Ad”) (e.g., length or width vania-
tions) and thickness variation information (“At”) associated
with circuit components of the layout, but can include
additional vanation parameters or information. The circuit
components include, for example, the devices and intercon-
nects typical of those found in the IC design. The dimen-
sional varniation information therefore includes delta-geom-
etry information (collectively referred to as “delta-geometry
Ad/At” or “Ad/At”) as appropriate to components of each
layer and each location (coordinates x, y) on the chip, but 1s
not so limited. As an example, the delta-geometry Ad/At of
an embodiment corresponds to lithographic and/or other
proximity-based changes that introduce variations Ad/At in
the geometry. The thickness variation information At of an
embodiment includes CMP-induced metal thickness varia-
tions obtained from data of a systematic characterization of
cach layer of the chip.

The InTime process 102 generally uses the delta-geom-
etry Ad/At to integrate information of the timing and geom-
etry verification processes of IC fabrication (information of
design perturbations received from one or more manufac-
turing processes (e.g., RET, inspection, etc.)) into the geom-
etry (layout) of the IC design. The InTime process 102 of an
embodiment integrates timing and geometry constraints of
an IC design ito the design process by integrating the
delta-geometry Ad/At from geometry verification processes
(manufacturing stage) into circuit models to form timing
reports and/or enhanced circuit models. The InTime process
102 of an embodiment may use mformation recerved from
an RET-prediction tool that generates the delta-geometry
Ad/At, as described in the Related Applications referenced
above.

Component processes of the IDMP 100B, including the
InTime process 102, use the enhanced circuit models to
generate a simulated model of the IC design and, from the
simulated model, generate timing variation information
(“AT”), as described below. The IDMP 100B couples the At
information to the timing analysis process 14 and, addition-
ally, may couple the At information to one or more of the
circuit design process 10, layout process 12, geometry
verification process 20, RET process 22, and manufacturing,
process 24, each of which may be one or more processes of
an EDA system as known 1n the art.

The IDMP of an embodiment also couples the At infor-
mation of the timing analysis to the InTent process 104. The
InTent process 104 uses the the At information to produce
information or rules of the delta-geometry Ad/At for use 1n
turther processing of the IC design by components of the

IDMP 100B including the InTime process 102, as described
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below. The delta-geometry Ad/At output of the InTent pro-
cess 104 couples to manufacturing geometry predictor pro-
cesses, as described 1n the Related Applications, and may
couple to other verification processes of the design/manu-
facturing flow.

FIG. 2 1s a block diagram of an IDMP 200 that includes
a delta flow for use 1n fabricating I1Cs, under an alternative
embodiment. The IDMP 200 of an embodiment includes but
1s not limited to one or more of circuit design processes 10,
layout processes 12, timing analysis processes 14, geometry
verification processes 20, RE'T processes 22, manufacturing
processes 24, InTime processes 102, and InTent processes
104, as described above. The component processes of the
IDMP 200 generally function as described above with
reference to FIG. 1. In addition, the InTime process 102 of
an embodiment receives the delta-geometry information
Ad/At from one or more processes of the design 15 and/or
manufacturing 25 flow, and performs verification and/or
timing prediction using the delta-geometry, but 1s not so
limited. Further, the InTent process 104 receives delta-
timing information from one or more processes ol the design
15 and/or manufacturing 23 flow and performs shape slack
(Ad/At budgeting), coupling the rules of the resulting delta-
geometry Ad/At to one or more processes of the design 15
and/or manufacturing 25 flow and/or the InTime process
102.

The delta flow of the InTime process 102 generally
receives the IC design and the delta-geometry information as
inputs 1n one or more forms. From the mputs the InTime
process 102 extracts delta information relating to incremen-
tal differences in circuit parameters that define or character-
1ze one or more devices and/or interconnects (or intercon-
nect segments) of the IC design. The extraction of delta
information as used herein includes extraction of informa-
tion relating to any components of the circuit design and 1s
not limited to extraction of information of interconnects
and/or devices. The extracted delta information can include
delta-capacitances, delta-resistances, and/or delta-induc-
tances, for example, but may include delta-information of
any other parameters that describe the IC design. The
InTime process 102 also generates a delta (or incremental)
output that reports the source and/or the location of the delta
information that violate or adversely impact the IC design.
As one example, a delta-capacitance AC and a delta-resis-
tance AR are reported separately for a particular value of
capacitance C and resistance R, respectively, that violate
design constraints associated with a specified interconnect of
the IC design.

The InTime process 102 of an embodiment integrates
timing and geometry constraints of an IC design into the
design process, as described above. As one example, FIG. 3
1s a tlow diagram for the InTime process 102, under an
embodiment. Generally, the InTime process 102 receives a
design of an IC that includes numerous devices and numer-
ous 1nterconnects. The InTime process 102 integrates delta-
geometry information of the devices and/or interconnect
structures 1nto the design using delta information extracted
from the delta-geometry information. The InTime process
102 subsequently produces reports that include the delta-
geometry information and/or timing variation information
relating to the delta-geometry. In addition to the reports, the
InTime process 102 may enhance library information of an
embodiment using the delta-geometry information gener-
ated by the InTime process 102. The extracted delta-geom-
etry information includes difference information relating to
any number of parameters used to define the IC design (e.g.,
resistance, capacitance, inductance, circuit constants, circuit
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or device parameters, physical or geometric parameters, and
timing parameters), as described above. The InTime process
102 and/or component processes ol the IDMP subsequently
generate electrical models of the IC using the extracted delta
information.

The delta flow described herein reduces the dependency
of the IC design flow on the cell/interconnect libraries
through the use of incremental delta information of param-
cters of the IC design. However, the InTime process 102 of
an embodiment may also use delta information of the delta
flow to modily the device and/or interconnect libraries, as
described above. Generation of the modified device or cell
library 1includes incrementally modifying information of
device models of an original device library using delta
information of the delta flow as appropriate to each device
model of the library.

As described above, the InTime process 102 receives a
physical description of the IC design layout and dimensional
variation information that includes at least one of gate length
variations Ad and thickness variations At as appropnate to
circuit components (devices and interconnects) of the lay-
out. The physical description may be a graphical data
representation or a text-file representation, but 1s not so
limited. The InTime process maps the delta-geometry Ad of
devices and the delta-geometry Ad/At of interconnects to the
physical description of the IC, at block 122.

With regard to devices of the layout, the InTime process
102 extracts delta information of parameter variations (e.g.,
delta-capacitance AC) of each device of the layout by
deriving the delta information of each device from the
delta-geometry Ad corresponding to each device, at block
123. The InTime process 102 uses the derived delta infor-
mation to generate timing variation mformation and/or to
enhance the mformation of the original cell library of the
IDMP system, at block 124. The enhancing of the library
information includes providing separate reports including
the delta information of the parameter variations, and/or
moditying or re-characterizing information of library device
models with the delta information. Modification of the
device models can include linking or appending information
of the parameter variations to one or more netlists (e.g.,
SPICE netlist) or models (e.g., Berkeley short-channel
IGFET model (“BSIM™)). Modification of the device mod-
els can also include replacing information of one or more
netlists with new information that includes the parameter
variations.

Turning to interconnects of the layout, and following
mapping of the delta-geometry Ad/At to a physical descrip-
tion of the IC, at block 122, the InTime process 102 extracts
information of one or more of delta-capacitance AC, delta-
resistance AR, and delta-inductance AL of each interconnect
of the layout by deriving the delta information AC/AR/AL of
cach interconnect from the delta-geometry Ad/At corre-
sponding to each interconnect, at block 123. The InTime
process 102 uses the derived delta information AC/AR/AL to
enhance the information of the original interconnect library
of the IDMP system, at block 124. The enhancing of the
library information 1includes providing separate reports
including the delta information AC/AR/AL, and/or modity-
ing or re-characterizing information of library interconnect
models (e.g., SPEF files) with the delta information AC/AR/
AL. Modification of the device models can include linking
or appending the delta imnformation AC/AR/AL to one or
more netlists or models. Modification of the interconnect
models can also include replacing information of one or
more netlists with new information that includes the delta
information AC/AR/AL. Following enhancement of the
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library models as appropriate to the cell and interconnect
libraries, the InTime process 102 generates electrical models
of the IC using the enhanced device and interconnect models
and performs timing analyses of the IC models, at block 125.
The timing analyses results include mformation of timing
variations At of the IC model, but are not so limited. The
InTime process 102 produces timing reports that include
information of timing variations At, at block 126.

FIG. 4 15 a block diagram of the InTime process 1021 for
use 1n generating delta information corresponding to inter-
connect structures (“InTime Interconnect”), under an
embodiment. The InTime process 1021 receives information
of the IC design 1n one or more of a library exchange format
(“LEF”)/design exchange format (“DEF”) (“LEF/DEF”) file
402, a tech file 404, and a standard parasitic delay format
(“SPEF”) file 406. The InTime process 1021 also receives
delta-geometry information of the imterconnects 1 a Ad File
408. The information of the LEF/DFEF file, 402, tech file 404,
SPEF file 406, and Ad File 408 can correspond to one or
more pre-specified segments of the IC design, or to the entire
IC design, but are not so limited.

The InTime process 1021 uses the IC design information
and the delta-geometry information to generate delta param-
cters 410 as described heremn. The delta parameters 410
characterize incremental differences in circuit parameters
used to define or characterize the IC design, where the
circuit parameters include but are not limited to delta-
resistance AR and delta-capacitance AC. The delta param-
cters 410 are subsequently introduced into the IC design
processes. The InTime process 1021 can also enhance infor-
mation of the SPEF file 406 using the delta parameters 410
to generate an updated SPEF file 412. Enhancement of the
SPEF file 406 includes mapping, linking, or appending
information of the delta parameters 410 to the SPEF {ile 406,
as described above.

The InTent process 104 produces rules of the delta-
geometry Ad/At, as described above with reference to FIG.
1. As one example, FIG. 5 1s a flow diagram for the InTent
process 104, under an embodiment. Generally, the InTent
process 104 receives timing variation information At from
one or more timing analyses performed on the IC model, as
described above with reference to FIG. 1. The InTent
process partitions the timing variation At by partitioning
slack time indicated by the timing variation At among the
cells and interconnects of the IC model, at block 142. A
timing variation At database 1s generated that includes
maximum and minimum timing variations At associated
with the partitioned slack time as appropriate to each cell
and/or interconnect, at block 143.

Using imnformation of the timing variation At database the
InTent process 104 produces delta information (e.g., delta-
capacitance AC, delta-resistance AR, delta-inductance AL)
corresponding to each device of the IC model by deriving
the delta information AR/AC/AL from the timing variations
At corresponding to each device/cell, at block, 144, and
described below with reference to Equations 1-7. This
derivation includes for example determining or calculating
delta information for a cell by applying the timing vanation
At of the cell to the corresponding cell description of the
modified cell library.

Similarly, the InTent process 104 produces information of
delta-capacitance AC, delta-resistance AR, and/or delta-
inductance AL corresponding to each interconnect by deriv-
ing the delta information AC/AR/AL from the timing varia-
tions At corresponding to each interconnect, at block 144.
This derivation includes for example determiming or calcu-
lating the delta information AC/AR/AL for an interconnect
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by applying the timing variation At of the interconnect to the
corresponding modified interconnect description of the
modified interconnect library. The InTent generates delta-
geometry Ad corresponding to each device and delta-geom-
etry Ad/At corresponding to each interconnect from the
derived delta information AC/AR/AL as appropriate to the
cell or interconnect, at block 145. While this example
describes the InTent process 104 as deriving the delta
information AC/AR/AL of an interconnect structure, the
InTent process 104 may derive any delta information that
defines (or characterizes) the IC design.

FIG. 6 1s a block diagram of an IDMP 600 that includes
delta-geometry timing prediction processes (InTime) and
delta-timing shape prediction processes (InTent) for use 1n
tabricating ICs, under the embodiments of FIGS. 1, 2, 3, 4,
and 5. This example IDMP 600 shows specific couplings
between the InTime process 102, the InTent process 104,
and processes 602-626 of an EDA system. The InTime
process 102 and the InTent process 104 generally function as
described herein, and further with reterence to FIG. 3 and
FIG. 5, respectively. The processes 602-626 of the EDA
system of an embodiment function 1n accordance with the
processes of one or more EDA systems known in the art, but
are not so limited.

Component processes of the IDMP generate enhanced
cell libraries by enhancing original library information typi-
cal to EDA systems/processes with delta information. The
enhanced or modified device models enhance the original
device models to include delta-geometry Ad of devices of
the design, as described above. This enhancement includes
modeling the devices so as to enable extraction of the
capacitive variations AC from the delta-geometry Ad corre-
sponding to each device. The modification or re-character-
ization of device parameters (cell libraries) of an embodi-
ment 1imposes a number of principles, one of which 1s that
the re-characterized devices are fully compatible with exist-
ing device models. Also, the re-characterized device param-
cters are compatible with signal delay models, where

Signal Delay=k(V /WI_C, +C_, +C. .. ..).

oLl

Furthermore, the re-characterized device parameters provide
clectrical current conservation 1n accordance with

Drain-Source Current (“Ids” )= 4C,  (W/L)[(V,-V)
Vds_ (m/z) Vdsz] -

The modified device model of an embodiment (also
referred to herein as the “IDMP device model”) assumes that
a transistor, for example, does not have the umiform gate
length typically used 1n device libraries. Instead, the IDMP
device model assumes a transistor with a non-umiform gate
length. FIG. 7 1s a block diagram of a transistor 700 of the
IDMP device model with a non-uniform and varying gate
length, under an embodiment. This example transistor 700
assumes a non-zero variation in gate length across the gate
710, an assumption arrived at using empirical data. As such,
the gate length varies across the gate 710 from a length of
approximately 100 nm (gate length variation Ad 1s approxi-
mately +10 nm) near the interconnection end 702 of the gate
710 to a length of approximately 80 nm (Ad 1s approximately
—10 nm) near the end of the gate poly 704. While gate length
variations Ad of+10 nm and -10 nm are shown in this
example, and the variations Ad are umiform across the gate
length, the IDMP model 1s not limited in application to
transistors having exactly these characteristics.

The IDMP device model also models devices so as to
determine the aflects of the gate length variations Ad on the
device parameters. Consequently, i addition to the non-
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uniform gate length, the IDMP device model assumes that a
device 1ncludes a number of parasitic capacitances some or
all of which are likely to be aflected by the gate length
variations Ad. As an example of the parasitic capacitances,
FIG. 8 1s a block diagram of gate/junction capacitances of a
transistor 700 of the IDMP device model, under an embodi-
ment. The transistor 700 includes a substrate 802, a source
region 804, a drain region 806, a depletion region 808, and
a gate 810. The parasitic capacitances of the model include,
for example, at least one of gate-to-source capacitances
(“Cgs”), gate-to-drain capacitances (“Cgd”), source-to-sub-
strate capacitances (“Csb”), gate-to-substrate capacitances
(“Cgb’), and drain-to-substrate capacitances (“Cdb”).

Using these parasitic capacitances, the IDMP model
assumes an mput capacitance (“Cin”) of the device to be
approximately

Cin=Cgs+Cgd+Cgb.

The IDMP model also assumes an output capacitance
(“Cout”) of the device to be approximately

Cout=Cdb+Cgd.

Continuing with the example using transistor 700, the
IDMP device model uses the gate length variation Ad
information resulting from the non-uniform/varying gate
length model along with the parasitic capacitance model to
enhance device parameters of the cell library. FIG. 9 shows
example parameters 900 of a modified device model for a
transistor with a sub-100 nm gate length, under an embodi-
ment. The gate length variations Ad of the transistor are used
to modily parameters of the device model 900 including the
cllective channel length, threshold voltage, Cgd/Cgs overlap
capacitance, mput capacitance, and output capacitance, to
name a few. The gate length variations Ad may be used to
modily other parameters of a device model as appropriate to
the device.

As an example of the aflects of gate length varations Ad
on device operations, FIG. 10A 1s a plot of signal delay 1010
versus gate length variation Ad 1020, under an embodiment.
Additionally, FIG. 10B 1s a plot of transistor saturation
current 1012 versus gate length vaniation Ad 1020, under an
embodiment.

In addition to enhancing cell libraries, component pro-
cesses of the IDMP generate modified interconnect libraries
by modifying original libraries typical to EDA systems/
processes to iclude delta-geometry Ad/At of iterconnects
of the design, as described above. This modification includes
modeling the interconnects so as to enable extraction of one
or more of capacitive variations AC, resistive variations AR,
and inductive vanations AL of each interconnect from the
delta-geometry Ad/At corresponding to the interconnect.

The modification or re-characterization of interconnect
parameters (interconnect libraries) of an embodiment begins
with an IDMP interconnect model. FIG. 11 1s a cross-section
of an IDMP interconnect model 1100, under an embodiment.
The interconnect model 1100 includes a metal line 1102
having a dimension “d” and a thickness dimension “t”. The
metal line 1102 1s adjacent at least one component 1004 in
the same layer of the chip. The metal line 1102 1s separated
from the component 1104 1n the same layer of the chip by
distance “s”, where the adjacent component can be any
device, interconnect, and/or other structure as approprate to
the IC design. Coupling capacitance (*Cc”) 1s present as a
result of the adjacent placement of the metal line 1102 to the
component 1104.

In addition to the adjacent component 1104 1n the same

layer, the metal line 1102 1s also located adjacent to another
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layer 1112 of the chip. The adjacent layer 1112 can be any
layer or substrate as appropriate to the IC design. Ground
capacitance (“Cg”) 1s present as a result of the adjacent
placement of the metal line 1102 and the adjacent layer 1112.

Referring to the IDMP interconnect model 1100, the
IDMP of an embodiment develops and includes a set of
functions describing the relationship between delta-geom-
etry Ad/At and timing variations At of an IC design. The
relationship includes both using information of delta-geom-
etry Ad/At to generate timing variations At of the IC design
(as described above with reference to the InTime process),
and using information of timing variations At to generate
delta-geometry Ad/At of the IC design (as described above
with reference to the InTent process). For reference, the
delta-geometry Ad/At of the interconnects mclude perturba-
tions Ad to dimension d of line 1102 and perturbations At to
thickness dimension t of line 1102. The IDMP set of
functions assume delta-geometry Ad/At resulting from
manufacturing processes are small compared to the corre-
sponding base-line dimensions d/t, and are 1n light of weak
perturbation theory.

The set of functions of an embodiment are quasi-linear
functions describing the relationship between delta-geom-
etry Ad/At and both resistive variations AR (also referred to
as the incremental parasitic imnterconnect resistance AR) and
capacitive variations AC (also referred to as the incremental
parasitic iterconnect capacitance AC). Assuming that total
capacitance of the interconnect includes coupling capaci-
tance Cc and ground capacitance Cg as

C=Cc+Cg (Equation 1),

the IDMP of an embodiment describes the relationship
between delta-geometry Ad/At and resistive variations AR as

AR/R~=—At/t-Ad/d (Equation 2).

Further, the IDMP of an embodiment describes the relation-

ship between delta-geometry Ad/At and capacitive variations
AC as

AC/Cu( Ce/OY AL HC/ONAL25)+(Cg/CY(Ad/d) (Equation 3).

The IDMP of an embodiment modifies these relationships
to 1nclude one or more modulation factors or variables. The
modulation factors, represented as “k1”, “k2”, “k3”, “k4”,
and “k5”, modulate effects of any inaccuracies associated
with using the weak perturbation approach, and any addi-
tional amount of fringing capacitance found in the coupling,
capacitance Cc. The modified relationship between delta-
geometry Ad/At and resistive vanations AR (Equation 2)
including modulation factors therefore becomes

AR/Re—K1(A/1)—R2(Ad/d) (Equation 4).

The modified relationship between delta-geometry Ad/At
and capacitive varniations AC (Equation 3) including modu-
lation factors becomes

AC/C=R3(Ce/CY A +EA(Ce/CYA 25)+h5(Ca/CYA/
d) (Equation 5).

Using the capacitive variations AC as an example, a
comparison of solutions resulting from Equation 4 and
Equation 5 along with circuit simulations (generated with
capacitance filed solver and SPICE simulations) shows that
the relationship between capacitive varniations AC (normal-
1zed) and perturbations Ad 1n metal line dimension d (as a
percentage of dimension d) are approximately linear. FIG.
12 1s a plot 1200 of capacitive variations (normalized) 1210
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versus interconnect perturbations Ad (as a percentage of
dimension d) 1220, under an embodiment.

Similarly, a comparison of solutions resulting from Equa-
tion 4 and Equation 5 along with circuit simulations shows
that the relationship between capacitive varnations AC (nor-
malized) and perturbations At in metal line dimension t (as
a percentage of dimension t) are approximately linear. FIG.
13 15 a plot 1300 of capacitive variations (normalized) 1310
versus 1nterconnect perturbations At (as a percentage of
dimension t) 1320, under an embodiment.

The set of functions of an embodiment also describe the
relationship between delta-geometry Ad/At and timing varia-
tions At. Using the same assumptions stated above, and with
reference to Equations 1-5, the IDMP of an embodiment
describes the relationship between the timing varniations At
and both the resistive variations AR and capacitive varia-
tions AC as

ATt=AR/R+AC/C (Equation 6).

Expanding Equation 6 using information of Equation 4 and
Equation 5 provides

AR/R+AC/C=[I3(Ce/C)—I1|(AT/T)+kd(Ce/C)Ad/25)+

[A5(Cg/C)-k2)(Ad/d) (Equation 7).

A comparison of solutions resulting from Equation 6 and
Equation 7 along with circuit simulations shows that the
relationship between timing variations At (normalized) and
perturbations Ad in metal line dimension d (as a percentage
of dimension d) are approximately linear. FIG. 14 15 a plot
1400 of timing delays (normalized) 1410 versus 1ntercon-
nect perturbations Ad (as a percentage of dimension d) 1420,
under an embodiment.

Equations 1-7 above are presented as one example of a set
of functions used in the delta tlow of an embodiment to
describe relationships between delta-geometry, delta-timing,
delta-capacitance, delta-resistance, and delta-inductance.
However, many different functions (e.g., higher order func-
tions) and different combinations of functions may be devel-
oped for use 1n alternative embodiments under the descrip-
tions herein.

FIGS. 15A, 15B, and 15C show an interconnect structure
1500 undergoing delta parameter extraction, under an
embodiment. The iterconnect structure 1500A includes a
metal power grid 1502 connected to a metal power supply
wire 1504 using two vias 1506. The power supply wire 1504
has a dimension “d” and a thickness dimension “t”. The
power supply wire 1504 has first 1510 and second 1520
neighbor structures in the same layer of the chip. The first
structure 1510 has a dimension “d1” and a thickness dimen-
sion “t”, and 1s separated from the power supply wire 1504
by distance “s1”. The second structure 1520 has a dimension
“d2” and a thickness dimension “t”, and 1s separated from
the power supply wire 1504 by distance “s2”.

FIG. 15A shows the interconnect structure 1500A prior to
delta parameter extraction. Prior to the delta parameter
extraction process the interconnect structure 1500A includes
approximately ten (10) sub-nodes or change areas 1330.

FIG. 15B shows the interconnect structure 15008 follow-
ing updating of the interconnect geometry with delta geom-
etry information, under an embodiment. Following the
geometry update with delta geometry information, the inter-
connect structure 1500B includes approximately forty (40)
sub-nodes or change areas 1530.

FIG. 15C shows an end-view of the interconnect structure
1500C (end view of interconnect structures 1500A/1500B)
with the dimensional parameters and corresponding delta
geometry for use 1n delta capacitance extraction, under an
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embodiment. The InTime 1nterconnect processes described
above extract the delta capacitances 1n accordance with

AC=(dC/0d)Ad+(0C/as1)As1 -+ C/adIAd1+(dC/ds2)

As2+(0C/Ad2)Ad2+(0C/01) AL (Equation ¥)

and

AC=C(d+Ad, s1+Asl, d1+Adl, s24+As2, d2+Ad2)-C
(d,s1,d1,52,d2)

(Equation 9).
Equations 8 and 9 are presented as one example of delta-
capacitance extraction of an embodiment. Other delta infor-
mation (e.g., delta-resistance, delta-inductance) may be
extracted and different functions (e.g., higher order func-
tions ) and different combinations of functions may be devel-
oped under the descriptions herein.

Analysis of the interconnect structure 1500 above shows
a significant increase 1n the amount of information required
to be processed by the IC design process as delta-geometry
information 1s applied to the interconnect. This increased
amount of information can have a significant adverse impact
on the etliciency of the typical IC design process because the
typical design flow must re-processes all information of the
IC design to produce new design characterization param-
cters that incorporate the delta information.

In contrast to the typical IC design flow, the delta flow of
an embodiment (including the InTime and/or InTent pro-
cesses) mtroduces an incremental tlow that re-characterizes
an IC design using delta information corresponding to
characterization parameters of the design. The delta tlow
provides delta outputs (incremental) that enhance or re-
characterize corresponding parameters of the devices and
interconnect structures without the need to generate new
design characterization parameters and without the need to
re-process all information of the IC design. By providing the
delta information output separately from the original infor-
mation of the parameters with which the delta output 1s
associated, the delta flow reduces dependency of the design
process on library information by efliciently providing accu-
rate delta information of particular circuit parameters. The
reduced dependency on library information increases the
elliciency and speed of the IC design process because it
reduces (or eliminates) the number of lookup operations that
are to be performed during the design process. The reduced
dependency on library information also increases the accu-
racy of the IC design because of data quality issues inherent
in the library imnformation. Furthermore, the delta informa-
tion allows for incremental processing of only difference
information associated with a parameter instead of re-
processing the entire circuit after substituting one or more
parameters with new parameters, thereby increasing efli-
ciency, speed and accuracy of the IC design process.

The interconnect modeling described above allows for
extraction of one or more of delta-capacitance AC, delta-
resistance AR, and/or delta-inductance AL of each intercon-
nect or interconnect segment of the layout from information
of the delta-geometry Ad/At corresponding to each intercon-
nect, as described herein. The delta information AC, AR,
and/or AL are also referred to as “enhanced characterization
parameters” or “enhanced electrical parameters™ of a modi-
fied interconnect. The enhanced characterization parameters
include one or more of capacitive, resistive, and inductive
parameters that electrically model the modified interconnect.
The enhanced characterization parameters can include new
values of capacitance, resistance, and/or inductance for the
modified interconnects. The modified characterization
parameters can also include delta information AC/AR/AL for
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use 1n moditying the original characterization parameters of
the interconnect to produce new values of capacitance,
resistance, and/or inductance for the modified interconnects.

As described with reference to FIG. 2 and FIG. 3, the
InTime process 102 or other component processes of the
IDMP extracts the delta information AC, AR, and/or AL (o
other parameters as appropriate to the extraction process)
from the corresponding delta-geometry Ad/At as appropriate
to each interconnect. Fither a direct calculation extraction
process or an extrapolation extraction process may be used
to extract the delta information AC, AR, and/or AL, as
described below, but the embodiment 1s not so limited as
alternative embodiments may use other extraction processes.

The direct calculation extraction process reduces or elimi-
nates dependencies of the IC fabrication process on cell or
library information by providing for direct calculations of
delta-parameter mnformation AC/AR/AL and/or delta-timing
At nformation from delta-geometry Ad/At information.
Under the direct calculation extraction process, the IDMP
forms one or more relationships or functions between the
delta-geometry Ad/At and at least one of the delta informa-
tion AC, AR, and/or AL. The InTime process 102 {for
example then directly calculates the delta information AC,
AR, and/or AL for each interconnect from the delta-geom-
etry Ad/At using the relationships described above with
reference to Equations 1-7. The InTime process of alterna-
tive embodiments may look up the delta information AC,
AR, and/or AL for each interconnect from one or more
look-up tables, where the look-up table entries are generated
by calculating the delta information AC, AR, and/or AL for
cach interconnect from the delta-geometry Ad/At using the
relationships of Equations 1-7.

In contrast to the direct calculation extraction, the
extrapolation extraction process extracts the delta informa-
tion AC, AR, and/or AL by extrapolating from interconnect
information of the original interconnect library. FIG. 16 1s a
flow diagram of the extrapolation extraction process 1600
for extracting information of modified characterization
parameters ol a modified interconnect, under an embodi-
ment. The extrapolation extraction 1600 begins with the
InTime process receiving or reading information from a
mapping of the delta-geometry Ad/At to a physical descrip-
tion of the IC design layout and 1dentifying interconnects of
the layout, at block 1608, and as described above.

The InTime process performs piecewise representation of
cach interconnect using the delta-geometry Ad/At, at block
1610. The piecewise representation can include piecewise
polygonization, for example. The piecewise polygomzation
generally includes sampling points of the design geometry
corresponding to interconnects and generating vectors rep-
resenting the delta-geometry Ad of the sampled points. The
InTime process translates the vectors to form a polygonized
interconnect, also referred to herein as a “Ad contour”.

FIG. 17 1s a block diagram of a polygonized interconnect
1700, under an embodiment. The components of the InTime
process polygonize the interconnect (defined as the structure
between port A and port B) by modilying an original
dimension (“DO”) of segments or portions of the original
(non-polygonized) interconnect 1750 using the dimensional
variation Ad (vectors) to form new interconnect segments
having a new dimension (Ad contour).

Taking one interconnect 1700 as an example, the piece-
wise polygonization begins at a first segment 1701 of the
interconnect where the InTime process modifies an original
dimension DO of the first segment 1701 by adding a
corresponding dimensional variation +Adl to form a new
dimension D1 for the segment 1701. Polygonization con-




us 7,360,191 B2

17

tinues at a second segment 1702 of the interconnect where
the InTime process modifies the original dimension DO by
subtracting a corresponding dimensional varnation —-Ad2 to
form a new dimension D2 for the segment 1702.
Polygonization continues at a third segment 1703 of the
interconnect where the InTime process modifies the original
dimension DO by adding a corresponding dimensional
variation +Ad3 to form a new dimension D3 for the segment
1703. Polygonization ends at a final segment 1704 of the
interconnect where the InTime process does not modify the
original dimension DO because the dimensional variation
has a value of zero (0).

Upon completing polygonization of the interconnect, at
block 1610, (returning to FIG. 16) the InTime process
retrieves original characterization parameters (capacitance,
resistance, and/or inductance) corresponding to one or more
original interconnect segments (non-polygonized) from the
original interconnect library, at block 1612. The retrieval of
the original characterization parameters includes retrieval of
the information using one or more look-up tables, for
example, but other methods known 1n the art for retrieving
information from a database or other sources may be used 1n
alternative embodiments.

The InTime process uses the original characterization
parameters (retrieved) along with information of one or
more comparisons between original interconnect segments
and modified interconnect segments to generate the modified
characterization parameters for use in re-characterizing the
new interconnect segment, at block 1614. The comparison
of an embodiment 1includes a comparison between a dimen-
sion of an original interconnect segment DO (FIG. 17) with
a dimension D1 of the corresponding Ad contour segment.
The InTime process uses information of the comparison
(difference 1n the dimensions (DO-D1)) to extrapolate modi-
fled characterization parameters (capacitance, resistance,
and/or mductance) corresponding to the modified intercon-
nect from the original characterization parameters. The
modified parameters are extrapolated and/or interpolated
from the original capacitance, resistance, and/or inductance
parameters, but alternative embodiments may use additional
and/or alternative information of the original interconnect to
derive/extrapolate the new parameters.

The InTime process generates a modified interconnect
library, at block 1616. Generation of the modified intercon-
nect library includes enhancing information of the original
interconnect library by moditying information of intercon-
nect models with the modified interconnect parameters.
Modification of the interconnect library models can 1nclude
appending mformation of the delta information AC/AR/AL
to one or more netlists. Modification of the interconnect
library models may also or alternatively include replacing
information of one or more netlists with new nformation
that includes the delta information AC/AR/AL. As a further
alternative, modification of the interconnect library models
may also or alternatively include replacing information of
one or more netlists with new values of capacitance, resis-
tance, and/or inductance as appropriate to the modified
interconnects.

As described above, the delta flow process including the
InTime and/or InTent processes reduces or eliminates
dependencies of the IC fabrication process on cell or library
information by providing for direct determination or calcu-
lation of characterization parameters (delta information)
from delta-geometry Ad/At information. While this allows
for use of direct calculation extractions instead ol extrapo-
lation extractions at various points in the design/manufac-
turing tlow, EDA and/or other design-to-manufacturing sys-
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tems of various alternative embodiments may include
extraction processes that use directly-calculated delta infor-
mation and/or extrapolation extraction processes 1 which
some components of the process use directly-calculated
delta information instead of information retrieved via look
up processes.

Referring to FIGS. 1, 2, 3, 5, 6, and 16, the operations of
the processes are under control of at least one processor, but
are not so limited. Those skilled 1n the relevant art can create
source code, microcode, program logic arrays or otherwise
implement the invention based on these flow diagrams and
the detailed description provided herein. The algorithm or
routine operating according to these flow diagrams 1s stored
in non-volatile memory that forms part of the associated
processors, 1n the associated memory areas, in removable
media, such as disks, or hardwired or preprogrammed in
chips, such as electronically erasable programmable ROM
(“EEPROM”) semiconductor chips, or in any combination
of these components, but i1s not so limited.

Aspects of the IDMP, described above, are described 1n
terms of processes executed on an EDA computer system or
other processing system. These processes are implemented
as program code stored 1n machine-readable or computer-
readable memory areas or devices of a computer system and
are executed by the processor of the computer system.

Although a variety of different computer systems can be
used with the IDMP, FIG. 18 1s a computer system 1800
hosting the IDMP that includes delta-geometry timing pre-
diction processes (InTime) and delta-timing shape predic-
tion processes (InTent), under an embodiment. The com-
puter system 1800 generally includes a central processor
umt (“CPU”) or central processor 1802 for processing
information and instructions, an address/data bus 1801
coupled to the CPU 1802 for communicating information,
volatile memory 1804 (random access memory (“RAM™) for
example) coupled to the bus 1801 for storing information
and 1nstructions for the CPU 1802, and non-volatile memory
1806 (read-only memory (“ROM”) for example) coupled to
the bus 1801 for storing static information and instructions
for the CPU 1802. The computer system 1800 may also
include one or more optional storage devices 1808 coupled
to the bus 1801 for storing information and instructions. The
storage devices or data storage devices 1808 can include one
or more removable magnetic or optical storage media which
are computer-readable memories. Some combination of the
volatile memory 1804, non-volatile memory 1806, and/or
storage device 1808 include or store data structures describ-
ing components or processes ol the IDMP described above,
but the IDMP 1s not limited to storage 1n these devices.

The computer system 1800 may also include at least one
optional display device 1810 coupled to the bus 1801 for
displaying information to the users of the computer system
1800. The computer system 1800 of an embodiment may
also include one or more optional mput devices 1812
coupled to the bus 1801 for communicating information and
command selections to the CPU 1802. Additionally, the
computer system 1800 may include an optional cursor
control or directing device 1814 coupled to the bus 1801 for
communicating user input information and command selec-
tions to the CPU 1802. The computer system 1800 may also
include one or more optional signal transier devices 1816
(transmuitter, receiver, modem, etc. for example) coupled to
the bus 1801 for interfacing with other computer systems.

The systems and methods for fabricating ICs described
herein include a method comprising directly generating
incremental delta-parameters corresponding to at least one
interconnect of a received circuit design using one or more
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functional relationships between the delta-parameters and at
least one dimensional variation of the interconnect, wherein
the delta-parameters include difference information of one
or more electrical parameters that characterize the intercon-
nect.

The systems and methods for fabricating ICs described
herein include a method comprising directly generating
incremental delta-parameters corresponding to at least one
interconnect of a received circuit design using information
ol at least one dimensional variation of the interconnect and
pre-specified information of one or more electrical param-
eters that characterize the interconnect, wherein the delta-
parameters include difference information of the electrical
parameters that characterize the interconnect.

The systems and methods for fabricating ICs described
herein include a method comprising directly generating
incremental delta-parameters corresponding to at least one
device of a recerved circuit design using one or more
functional relationships between the delta-parameters and at
least one dimensional variation of the device, wherein the
delta-parameters include diflerence information of one or
more electrical parameters that characterize the device.

The systems and methods for fabricating ICs described
herein include a method comprising directly generating
incremental delta-parameters corresponding to at least one
device of a recerved circuit design using information of at
least one dimensional varniation of the device and pre-
specified information of one or more electrical parameters
that characterize the device, wherein the delta-parameters
include difference information of the electrical parameters
that characterize the device.

The systems and methods for fabricating ICs described
herein 1include a method comprising at least one of receiving,
a circuit design that includes a plurality of devices and
interconnects, predicting at least one of incremental delta-
parameters and incremental timing difl

erences of the circuit
design using dimensional differences corresponding to the
circuit design, wherein the delta-parameters include difler-
ence information of one or more parameters that character-
1ze¢ at least one of the devices and the interconnects, pre-
dicting dimensional differences of the circuit design using
the incremental timing diflerences, and modifying the circuit
design by integrating at least one of the dimensional difler-
ences, the incremental delta-parameters, and the incremental
timing differences in the circuit design.

The method of an embodiment further comprises gener-
ating a model of the circuit design using at least one of the
dimensional differences, the incremental delta-parameters,
and the timing differences.

The method of an embodiment further comprises enhanc-
ing imnformation of models of at least one of the devices and
interconnects using at least one of the dimensional difler-
ences, the delta-parameters, and the timing differences.

The method of an embodiment further comprises append-
ing at least one of the dimensional differences, the delta-
parameters, and the timing differences to one or more circuit
description corresponding to the circuit, wherein the circuit
description 1s at least one of a graphical data representation
and a text-file representation

The method of an embodiment further comprises replac-
ing information of one or more circuit description corre-
sponding to the circuit with information that includes at least
one of the dimensional differences, the delta-parameters, and
the timing differences.

The method of an embodiment further comprises re-
characterizing at least one of the devices and interconnects
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using at least one of the dimensional differences, the delta-
parameters, and the timing differences.

The predicting of the method of an embodiment further
comprises extracting the incremental delta-parameters of at
least one of the devices and the interconnects using the
dimensional differences. The extracting of an embodiment
comprises mapping the dimensional differences to the circuit
design. The extracting of an embodiment further comprises
at least one of forming one or more functional relationships
between the dimensional differences and the delta-param-
cters and generating the delta-parameters directly from the
dimensional differences using the functional relationships.

The incremental delta-parameters of the method of an
embodiment include incremental differences 1n circuit
parameters that characterize at least one of each device, each
interconnect, and one or more segments of each intercon-
nect.

The circuit parameters of the method of an embodiment
include at least one of resistance, inductance, capacitance,
junction capacitance, gate-to-source capacitance, gate-1o-
drain capacitance, source-to-substrate capacitance, gate-to-
substrate capacitance, drain-to-substrate capacitance, and
cllective gate length.

The predicting of the dimensional differences of the
method of an embodiment further comprises at least one of
determining slack delay times using the incremental timing
differences and partitioning the slack delay times among the
devices and interconnects. The method of an embodiment
further comprises generating the incremental delta-param-
cters corresponding to at least one of the devices and
interconnects using the partitioned slack delay times.

The modifying of the circuit design of the method of an

embodiment further comprises generating rules of the
dimensional differences using the predicted incremental
delta-parameters.
The incremental timing differences of the method of an
embodiment include signal propagation delays of the circuait.
The method of an embodiment further comprises deriving,
the dimensional differences from mformation of a geometry
verification analysis of the circuit.

Integrating at least one of the dimensional differences, the
incremental delta-parameters, and the incremental timing
differences of the method of an embodiment comprises
mapping at least one of the dimensional differences, the
incremental delta-parameters, and the incremental timing
differences to a physical description of the circuit. The
physical description of the method of an embodiment 1s at
least one of a graphical data representation and a text-file
representation.

The systems and methods for fabricating ICs described
herein include a method comprising at least one of receiving
a circuit design that includes a plurality of devices and
interconnects, receiving dimensional differences corre-
sponding to the devices and interconnects, extracting incre-
mental delta-parameters of the devices and the interconnects
using the dimensional differences, wherein the delta-param-
cters 1include difference information of one or more param-
cters that characterize at least one of the devices and the
interconnects, generating incremental timing differences of
the design using at least one of the dimensional differences
and the delta-parameters, and generating delta-parameters
corresponding to the design using the timing differences.

The systems and methods for fabricating ICs described
herein include an integrated design-manufacturing method
comprising at least one of receiving a design of an IC that
includes a plurality of devices and interconnects, performing

incremental modification of device models and interconnect




us 7,360,191 B2

21

models using dimensional varnations of the devices and
dimensional variations of the interconnects, modeling the IC
using the modified device and interconnect models, gener-
ating timing variation information of the IC using the model,
generating device variations and interconnect variations
using the timing varniation information, and generating rules
tor the dimensional vanations of the devices and the dimen-
sional variations of the interconnects using the generated
device variations and interconnect variations.

The systems and methods for fabricating ICs described
herein include an integrated design-manufacturing method
comprising at least one of receiving a design of an IC that
includes a plurality of devices and interconnects, generating
a circuit model of the design using information of enhanced
device and interconnect models, the enhanced device and
interconnect models integrating at least one of capacitive
variations, resistive variations, and inductive variations
derived from dimensional variations of the devices and
interconnects, generating timing variation information using
the circuit model, and generating rules for control of the
dimensional variations of the devices and interconnects
using the timing varation information, the rules integrating,
at least one of capacitive variations, resistive variations, and
inductive variations derived from the timing variation infor-
mation of the circuit model.

The systems and methods for fabricating ICs described
herein include a system comprising at least one ol means for
clectronically processing and means for electronically stor-
ing information, means for receiving a circuit design that
includes a plurality of devices and interconnects, means for
predicting at least one of incremental delta-parameters and
incremental timing differences of the circuit design using
dimensional differences corresponding to the circuit design,
wherein the delta-parameters include difference information
ol one or more parameters that characterize at least one of
the devices and the interconnects, means for predicting
dimensional differences of the circuit design using the
incremental timing differences, and means for modifying the
circuit design by integrating at least one of the dimensional
differences, the incremental delta-parameters, and the incre-
mental timing differences in the circuit design.

The system of an embodiment further comprises means
for generating a model of the circuit design using at least one
of the dimensional differences, the incremental delta-param-
cters, and the timing differences.

The system of an embodiment further comprises means
for enhancing information of models of at least one of the
devices and interconnects using at least one of the dimen-
sional differences, the delta-parameters, and the timing
differences.

The system of an embodiment further comprises means
for appending at least one of the dimensional differences, the
delta-parameters, and the timing differences to one or more
circuit description corresponding to the circuit, wherein the
circuit description 1s at least one of a graphical data repre-
sentation and a text-file representation

The system of an embodiment further comprises means
for re-characterizing at least one of the devices and inter-
connects using at least one of the dimensional differences,
the delta-parameters, and the timing differences.

The means for predicting of the system of an embodiment
further comprises means for extracting the incremental
delta-parameters using the dimensional differences.

The incremental delta-parameters of the system of an
embodiment include incremental difterences in circuit
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parameters that characterize at least one of each device, each
interconnect, and one or more segments of each intercon-
nect.

The circuit parameters of the system of an embodiment
include at least one of resistance, inductance, capacitance,
gate-to-source capacitance, gate-to-drain capacitance,
source-to-substrate capacitance, gate-to-substrate capaci-
tance, and drain-to-substrate capacitance.

The means for predicting the dimensional differences of
the system of an embodiment further comprises means for
determining slack delay times using the incremental timing
differences. The means for predicting the dimensional dii-
ferences of the system of an embodiment further comprises
means for partitioning the slack delay times. The system of
an embodiment further comprises means for generating the
dimensional differences using the partitioned slack delay
times.

The means for modifying the circuit design of the system
of an embodiment further comprises means for generating
rules of the dimensional differences using the predicted
incremental delta-parameters.

The system of an embodiment further comprises means
for deriving the dimensional differences from information of
a geometry verification analysis of the circuit design.

The means for moditying of the system of an embodiment
further comprises mapping at least one of the dimensional
differences, the incremental delta-parameters, and the incre-
mental timing differences to a physical description of the
circuit.

The systems and methods for fabricating ICs described
herein 1include a device comprising at least one of means for
receiving a circuit design that includes a plurality of devices
and 1nterconnects, means for predicting at least one of
incremental delta-parameters and incremental timing difler-
ences of the circuit design using dimensional differences
corresponding to the circuit design, wheremn the delta-
parameters include difference information of one or more
parameters that characterize at least one of the devices and
the mterconnects, means for predicting dimensional differ-
ences of the circuit design using the incremental timing
differences, and means for modifying the circuit design by
integrating at least one of the dimensional differences, the
incremental delta-parameters, and the incremental timing
differences in the circuit design.

The systems and methods for fabricating ICs described
herein include machine readable medium including execut-
able 1instructions which when executed by a processing
system receive a circuit design that includes a plurality of
devices and interconnects, predict at least one of incremental
delta-parameters and incremental timing differences of the
circuit design using dimensional differences corresponding
to the circuit design, wherein the delta-parameters include
difference information of one or more parameters that char-
acterize at least one of the devices and the interconnects,
predict dimensional differences of the circuit design using
the incremental timing differences, and/or modify the circuit
design by integrating at least one of the dimensional difler-
ences, the incremental delta-parameters, and the incremental
timing differences 1n the circuit design.

The systems and methods for fabricating ICs described
herein include a method comprising at least one of receiving
a circuit layout that includes a plurality of devices and
interconnects, receiving dimensional differences corre-
sponding to the devices and interconnects, extracting incre-
mental delta-parameters of at least one of the devices and the
interconnects using the dimensional differences, wherein the
delta-parameters include difference information of one or
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more parameters that characterize at least one of the devices
and the interconnects, and predicting incremental timing
differences of at least one of the devices and interconnects
using at least one of the dimensional differences and the
delta-parameters.

The method of an embodiment further comprises gener-
ating a model of the circuit using at least one of the
dimensional differences, the incremental delta-parameters,
and the timing differences.

Extracting incremental delta-parameters of an embodi-
ment comprises mapping the dimensional differences to the
circuit layout.

The method of an embodiment further comprises enhanc-
ing information of models of at least one of the devices and
interconnects using at least one of the dimensional differ-
ences, the delta-parameters, and the timing differences.

The method of an embodiment further comprises append-
ing at least one of the dimensional differences, the delta-
parameters, and the timing differences to one or more circuit
description corresponding to the circuit, wherein the circuit
description 1s at least one of a graphical data representation
and a text-file representation

The method of an embodiment further comprises replac-
ing information of one or more netlists corresponding to the
circuit with information that includes at least one of the
dimensional differences, the delta-parameters, and the tim-
ing differences.

The method of an embodiment further comprises re-
characterizing at least one of the devices and interconnects
using at least one of the dimensional differences, the delta-
parameters, and the timing differences.

Extracting incremental delta-parameters of an embodi-
ment further comprises forming one or more functional
relationships between the dimensional differences and the
delta-parameters and/or generating the delta-parameters
directly from the dimensional differences using the func-
tional relationships.

The incremental delta-parameters of the interconnects of
an embodiment include incremental differences in circuit
parameters that characterize at least one of each interconnect
and one or more segments of each interconnect.

The parameters of an embodiment include at least one of
capacitance, resistance, and inductance.

The method of an embodiment further comprises deter-
mimng slack delay times from the incremental timing dii-
terences and/or partitioning the slack delay times among the
devices and interconnects. The method of an embodiment
turther comprises generating the incremental delta-param-
cters corresponding to at least one of the devices using the
partitioned slack delay times. The method of an embodiment
turther comprises generating the incremental delta-param-
eters corresponding to at least one of the interconnects using
the partitioned slack delay times. The method of an embodi-
ment further comprises generating rules for control of the
dimensional differences using the generated incremental
delta-parameters.

The systems and methods for fabricating ICs described
herein include a method comprising at least one of receiving,
a circuit design that includes a plurality of devices and
interconnects, mtegrating dimensional differences of at least
one ol the devices and the interconnects into the design,
extracting incremental delta-parameters of at least one of the
devices and the interconnects using the dimensional difler-
ences, wherein the delta-parameters include difference infor-
mation of one or more electrical parameters that characterize
at least one of the devices and the interconnects, and
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performing timing analysis using the incremental delta-
parameter mformation and generating incremental timing
differences.

The method of an embodiment further comprises gener-
ating timing reports including the mcremental timing dif-
ferences.

The method of an embodiment further comprises gener-
ating a model of the circuit using at least one of the
dimensional differences and the incremental delta-param-
eters.

The incremental timing differences of an embodiment
include signal propagation delays of the circuit.

The method of an embodiment further comprises deriving,
the dimensional diflerences from information of a geometry
verification analysis of the circuit.

Integrating dimensional differences of an embodiment
comprises mapping the dimensional differences to a physical
description of the circuit.

The physical description of an embodiment 1s at least one
of a graphical data representation and a text-file represen-
tation.

The method of an embodiment further comprises enhanc-
ing mformation of models of at least one of the devices and
interconnects using at least one of the dimensional differ-
ences, the delta-parameters, and the timing differences.
Enhancing information of the device models of an embodi-
ment includes appending at least one of the dimensional
differences, the delta-parameters, and the timing diflerences
to one or more netlists. Enhancing information of the device
models of an embodiment includes replacing information of
one or more netlists with new mformation that includes at
least one of the dimensional differences, the delta-param-
cters, and the timing differences. Enhancing information of
the interconnects of an embodiment comprises re-character-
1zing the interconnects using at least one of the dimensional
differences, the delta-parameters, and the timing differences.

Extracting incremental delta-parameters of an embodi-
ment further comprises forming one or more functional
relationships between the dimensional differences and the
delta-parameters and/or determining differences in param-
cters that characterize at least one of the devices and
interconnects directly from the dimensional differences
using the functional relationships.

Extracting incremental delta-parameters of an embodi-
ment further comprises 1dentilying one or more parameters
that characterize at least one of the devices and interconnects
and/or forming the delta-parameters of the devices and
interconnects using one or more interpolation operations
along with the 1dentified parameters that characterize at least
one of the devices and 1nterconnects.

The incremental delta-parameters of the interconnects of
an embodiment include incremental differences in circuit
parameters that characterize at least one of each interconnect
and one or more segments of each interconnect.

The electrical parameters of an embodiment include at
least one of capacitance, resistance, and inductance.

The electrical parameters of the devices of an embodi-
ment include at least one of gate-to-source capacitance,
gate-to-drain capacitance, source-to-substrate capacitance,
gate-to-substrate capacitance, and drain-to-substrate capaci-
tance.

The systems and methods for fabricating ICs described
herein include an integrated design-manufacturing method
comprising at least one of receiving a design of an IC that
includes a plurality of devices and interconnects, performing
incremental modification of device models using dimen-

sional variations of the devices, performing incremental
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modification of interconnect models using dimensional
variations of the interconnects, generating a model of the IC
using the modified device and interconnect models, gener-
ating signal propagation delay information of the model, and
verilying geometry of the model using the signal propaga-
tion delay information.

The method of an embodiment further comprises parti-
tioming slack delay times among the devices and intercon-
nects of the IC, wherein the signal propagation delay infor-
mation 1ncludes the slack delay times, generating device
variations using the partitioned slack delay times,generating
interconnect variations using the partitioned slack delay
times, and/or generating rules for control of the dimensional
variations of the devices and the dimensional variations of
the interconnects using the generated device variations and
interconnect variations.

The device variations of an embodiment include at least
one of incremental dimensional differences and incremental
differences 1n circuit parameters that characterize each
device.

The 1interconnect variations of an embodiment include
incremental dimensional difterences.

The interconnect variations of an embodiment include
incremental differences 1n circuit parameters that character-
1ze at least one ol each interconnect and one or more
segments ol each interconnect. The interconnect variations
of an embodiment may include at least one of capacitive
variations, resistive variations, and inductive variations.

The systems and methods for fabricating ICs described
herein include a system comprising at least one ol means for
clectronically processing and means for electronically stor-
ing information, means for receiving a circuit layout that
includes a plurality of devices and interconnects, means for
receiving dimensional differences corresponding to the
devices and interconnects, means for extracting incremental
delta-parameters of at least one of the devices and the
interconnects using the dimensional differences, wherein the
delta-parameters include diflerence information of one or
more parameters that characterize at least one of the devices
and the interconnects, and means for predicting incremental
timing differences of at least one of the devices and inter-
connects using at least one of the dimensional differences
and the delta-parameters.

The system of an embodiment further comprises means
for generating a model of the circuit using at least one of the
dimensional differences, the incremental delta-parameters,
and the timing differences.

The system of an embodiment further comprises means
for mapping the dimensional differences to the circuit lay-
out.

The system of an embodiment further comprises means
for enhancing information of models of at least one of the
devices and interconnects using at least one of the dimen-
sional differences, the delta-parameters, and the timing
differences.

The system of an embodiment further comprises means
for appending at least one of the dimensional differences, the
delta-parameters, and the timing diflerences to one or more
netlists corresponding to the circuit.

The system of an embodiment further comprises means
for replacing information of one or more netlists correspond-
ing to the circuit with information that includes at least one
of the dimensional differences, the delta-parameters, and the
timing differences.

The system of an embodiment further comprises means
for re-characterizing at least one of the devices and inter-
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connects using at least one of the dimensional differences,
the delta-parameters, and the timing differences.

The system of an embodiment further comprises means
for determining slack delay times from the incremental
timing differences and/or means for partitioning the slack
delay times among the devices and interconnects.

The system of an embodiment further comprises means
for generating the incremental delta-parameters correspond-
ing to at least one of the devices using the partitioned slack
delay times.

The system of an embodiment further comprises means
for generating the incremental delta-parameters correspond-
ing to at least one of the interconnects using the partitioned
slack delay times.

The system of an embodiment further comprises means
for generating rules for control of the dimensional difler-
ences using the generated incremental delta-parameters.

The systems and methods for fabricating ICs described
herein mclude a device comprising means for receiving a
circuit layout that includes a plurality of devices and inter-
connects, means for receiving dimensional differences cor-
responding to the devices and interconnects, means for
extracting incremental delta-parameters of at least one of the
devices and the interconnects using the dimensional differ-
ences, wherein the delta-parameters include difference infor-
mation of one or more parameters that characterize at least
one of the devices and the interconnects, and/or means for
predicting incremental timing differences of at least one of
the devices and interconnects using at least one of the
dimensional differences and the delta-parameters.

The means for extracting ol an embodiment comprises
means for forming one or more functional relationships
between the dimensional differences and the delta-param-
cters and/or means for generating the delta-parameters
directly from the dimensional differences using the func-
tional relationships.

The device of an embodiment further comprises means
for generating a model of the circuit using at least one of the
dimensional differences, the incremental delta-parameters,
and the timing differences.

The device of an embodiment further comprises means
for mapping the dimensional differences to the circuit lay-
out.

The device of an embodiment further comprises means
for enhancing imnformation of models of at least one of the
devices and interconnects using at least one of the dimen-
sional differences, the delta-parameters, and the timing
differences.

The systems and methods for fabricating ICs described
herein include machine readable medium including execut-
able 1instructions which when executed by a processing
system receive a circuit layout that includes a plurality of
devices and interconnects, receive dimensional differences
corresponding to the devices and interconnects, extract
incremental delta-parameters of at least one of the devices
and the interconnects using the dimensional differences,
wherein the delta-parameters include difference information
ol one or more parameters that characterize at least one of
the devices and the interconnects, and/or predict incremental
timing differences of at least one of the devices and inter-
connects using at least one of the dimensional differences
and the delta-parameters.

Aspects of the systems and methods for fabricating ICs
described herein may be implemented as functionality pro-
grammed 1nto any of a variety of circuitry, including pro-
grammable logic devices (PLDs), such as field program-
mable gate arrays (FPGAs), programmable array logic
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(PAL) devices, electrically programmable logic and memory
devices and standard cell-based devices, as well as applica-
tion specific integrated circuits (ASICs). Some other possi-
bilities for implementing aspects of the systems and methods
for fabricating ICs include: microcontrollers with memory
(such as electronically erasable programmable read only
memory (EEPROM)), embedded microprocessors, firm-
ware, soltware, etc. Furthermore, aspects of the systems and

methods for fabricating ICs may be embodied 1n micropro-
cessors having software-based circuit emulation, discrete
logic (sequential and combinatorial), custom devices, fuzzy
(neural) logic, quantum devices, and hybrids of any of the
above device types. Of course the underlying device tech-
nologies may be provided 1n a variety of component types,
¢.g., metal-oxide semiconductor field-effect transistor
(MOSFET) technologies like complementary metal-oxide
semiconductor (CMOS), bipolar technologies like emitter-
coupled logic (ECL), polymer technologies (e.g., silicon-
conjugated polymer and metal-conjugated polymer-metal
structures), mixed analog and digital, etc.

It should be noted that components of the various systems
and methods disclosed herein may be described using com-
puter aided design tools and expressed (or represented), as
data and/or instructions embodied in various computer-
readable media, in terms of their behavioral, register trans-
ter, logic component, transistor, layout geometries, and/or
other characteristics. Formats of files and other objects 1n
which such circuit expressions may be implemented include,
but are not limited to, formats supporting behavioral lan-
guages such as C, Verilog, and HLDL, formats supporting
register level description languages like RTL, and formats
supporting geometry description languages such as GDSII,
GDSII, GDSIV, CIF, MEBES and any other suitable for-

mats and languages.

Computer-readable media 1n which such formatted data
and/or instructions may be embodied include, but are not
limited to, non-volatile storage media in various forms (e.g.,
optical, magnetic or semiconductor storage media) and
carrier waves that may be used to transfer such formatted
data and/or instructions through wireless, optical, or wired

signaling media or any combination thereof. Examples of

transiers of such formatted data and/or instructions by
carrier waves 1nclude, but are not limited to, transfers
(uploads, downloads, e-mail, etc.) over the Internet and/or
other computer networks via one or more data transfer
protocols (e.g., HT'TP, FTP, SMTP, etc.). When received
within a computer system via one or more computer-read-
able media, such data and/or instruction-based expressions
of the above described systems and methods may be pro-
cessed by a processing entity (€.g., one or more processors)

within the computer system 1n conjunction with execution of

one or more other computer programs including, without
limitation, net-list generation programs, place and route
programs and the like.

Unless the context clearly requires otherwise, throughout
the description and the claims, the words “comprise,” “com-
prising,” and the like are to be construed in an inclusive
sense as opposed to an exclusive or exhaustive sense; that 1s
to say, 1n a sense of “including, but not limited to.” Words
using the singular or plural number also include the plural or
singular number respectively. Additionally, the words
“herein,” “hereunder,” *
similar import refer to this application as a whole and not to
any particular portions of this application. When the word
“or” 1s used 1n reference to a list of two or more i1tems, that

word covers all of the following interpretations of the word:

above,” “below,” and words of
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any of the 1tems 1n the list, all of the 1items 1n the list and any
combination of the items 1n the list.

The above description of 1llustrated embodiments of the
systems and methods for fabricating ICs 1s not mtended to
be exhaustive or to limit the systems and methods for
tabricating ICs to the precise form disclosed. While specific
embodiments of, and examples for, the systems and methods
for fabricating ICs are described herein for illustrative
purposes, various equivalent modifications are possible
within the scope of the systems and methods for fabricating
ICs, as those skilled 1n the relevant art will recognize. The
teachings of the systems and methods for fabricating 1Cs
provided herein can be applied to other processing systems
and methods, not only for the systems and methods for
tabricating ICs described above.

The elements and acts of the various embodiments
described above can be combined to provide further embodi-
ments. These and other changes can be made to the systems
and methods for fabricating ICs 1n light of the above detailed
description.

In general, 1n the following claims, the terms used should
not be construed to limit the systems and methods for
tabricating ICs to the specific embodiments disclosed in the
specification and the claims, but should be construed to
include all systems and methods that operate under the
claims. Accordingly, the systems and methods for fabricat-
ing ICs are not limited by the disclosure, but instead the
scope of the systems and methods for fabricating ICs are to
be determined entirely by the claims.

While certain aspects of the systems and methods for
tabricating ICs are presented below 1n certain claim forms,
the inventors contemplate the various aspects of the systems
and methods for fabricating ICs 1 any number of claim
forms. For example, while only one aspect of the system 1s
recited as embodied 1n machine-readable medium, other
aspects may likewise be embodied in machine-readable
medium. Accordingly, the inventors reserve the right to add
additional claims after filing the application to pursue such
additional claim forms for other aspects of the systems and
methods for fabricating ICs.

What 1s claimed 1s:

1. A method of characterizing a circuit design using delta
information corresponding to characterization parameters of
the circuit design, comprising:

recerving a circuit design that includes a plurality of cells

and 1nterconnects;

determining delta geometry information for the circuit
design;

calculating incremental timing differences for the circuit
design using the determined delta geometry informa-
tion; and

evaluating the incremental timing differences against a
timing budget to determine slack time in the circuit
design; and

generating dimensional varnation rules for the circuit
design based on the determined slack time.

2. The method of claim 1, further comprising partitioning,
the calculated incremental timing differences among the
plurality of cells and interconnects of the circuit design.

3. The method of claim 2, further comprising allocating,
the timing budget among the plurality of the cells and
interconnects of the circuit design.

4. The method of claim 3, wherein allocating the timing,
budget includes allocating difference information relating to
IC characterization parameters.
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5. The method of claim 2, further comprising partitioning,
the slack time indicated by the incremental timing differ-
ences among a plurality of the cells and interconnects.

6. The method of claim 5, further comprising generating
a timing variation database that includes maximum and
mimmum timing variations associated with the partitioned
slack time for the cells and interconnects.

7. The method of claim 6, further comprising deriving
delta information for a cell from timing variations corre-
sponding to that cell.

8. The method of claim 1, wherein evaluating the incre-
mental timing differences comprises generating a max/min
timing variation database of incremental timing differences,
and generating delta characterization information for a cell
from timing variations corresponding to each of a plurality
ol 1nterconnects.

9. The method of claim 1, further comprising generating
a report of a source of differences in the circuit design that
result 1n violation of the timing budget.

10. The method of claim 1, wherein generating dimen-
sional variation rules for the circuit design comprises per-
forming shape slack budgeting based on the delta geometry
information and the timing budget.

11. The method of claim 1, further comprising generating
a delta budgetary assignment corresponding to the cells or
interconnects of the circuit design.

12. The method of claim 1, wherein delta geometry
information includes at least one of length, width and
thickness variation information associated with elements of
the circuit design.

13. A computer program product comprising a computer
useable medium having computer program code embodied
therein for enabling a computing device to characterize a
circuit design using delta information corresponding to
characterization parameters ol the circuit design, the char-
acterization comprising:

receiving a circuit design that includes a plurality of cells

and 1nterconnects:

determining delta geometry information for the circuit

design;

calculating incremental timing differences for the circuit

design using the determined delta geometry informa-
tion; and

evaluating the incremental timing differences against a

timing budget to determine slack time in the circuit
design; and

generating dimensional vanation rules for the circuit

design based on the determined slack time.

14. The computer program product of claim 13, further
comprising partitioning the calculated incremental timing
differences among the plurality of cells and interconnects of
the circuit design.

15. The computer program product of claim 14, further
comprising allocating the timing budget among the plurality
of the cells and interconnects of the circuit design.

16. The computer program product of claim 15, wherein
allocating the timing budget includes allocating difference
information relating to IC characterization parameters.

17. The computer program product of claim 14, further
comprising partltlonmg the slack time indicated by the
incremental timing differences among a plurality of the cells
and mterconnects.

18. The computer program product of claim 17, further
comprising generating a timing variation database that
includes maximum and mimmum timing variations associ-
ated with the partitioned slack time for the cells and 1nter-
connects.
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19. The computer program product of claim 18, further
comprising deriving delta information for a cell from timing
variations corresponding to that cell.

20. The computer program product of claim 13, wherein
cvaluating the incremental timing differences comprises
generating a max/min timing variation database of incre-
mental timing differences, and generating delta character-
ization iformation for a cell from timing variations corre-
sponding to each of a plurality of interconnects.

21. The computer program product of claim 13, further
comprising generating a report ol a source of differences 1n
the circuit design that result mn violation of the timing
budget.

22. The computer program product of claim 13, wherein
generating dimensional vanation rules for the circuit design
comprises performing shape slack budgeting based on the
delta geometry information and the timing budget.

23. The computer program product of claim 13, further
comprising generating a delta budgetary assignment corre-
sponding to the cells or interconnects of the circuit design.

24. The computer program product of claim 13, wherein
delta geometry information includes at least one of length,
width and thickness variation information associated with
clements of the circuit design.

25. A computing system for characterizing a circuit design
using delta information corresponding to characterization
parameters of the circuit design, comprising:

a processor; and

a memory communicatively coupled to the processor,

wherein the processor and the memory are configured

to perform the operations of:

receiving a circuit design that includes a plurality of
cells and interconnects;

determining delta geometry information for the circuit
design;

calculating incremental timing differences for the cir-
cuit design using the determined delta geometry
information; and

evaluating the incremental timing differences against a
timing budget to determine slack time in the circuit
design; and

generating dimensional variation rules for the circuit
design based on the determined slack time.

26. The computing system of claim 25, further comprising,
partitioning the calculated incremental timing differences
among the plurality of cells and interconnects of the circuit
design.

277. The computing system of claim 26, further comprising
allocating the timing budget among the plurality of the cells
and interconnects of the circuit design.

28. The computing system of claim 27, wherein allocating,
the timing budget includes allocating difference information
relating to I1C characterization parameters.

29. The computing system of claim 26, further comprising,
partitioning the slack time indicated by the incremental
timing differences among a plurality of the cells and inter-
connects.

30. The computing system of claim 29, further comprising,
generating a timing variation database that includes maxi-
mum and minimum timing variations associated with the
partitioned slack time for the cells and interconnects.

31. The computing system of 30, further comprising
deriving delta information for a cell from timing variations
corresponding to that cell.

32. The computing system of claim 25, wherein evaluat-
ing the incremental timing differences comprises generating
a max/min timing variation database of incremental timing
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differences, and generating delta characterization informa-
tion for a cell from timing variations corresponding to each
of a plurality of interconnects.

33. The computing system of claim 25, further comprising,
generating a report of a source of differences 1n the circuit
design that result 1n violation of the timing budget.

34. The computing system of claim 25, wherein generat-
ing dimensional variation rules for the circuit design com-
prises performing shape slack budgeting based on the delta
geometry mformation and the timing budget.

35. The computing system of claim 23, further comprising
generating a delta budgetary assignment corresponding to
the cells or interconnects of the circuit design.

36. The computing system of claim 25, wherein delta
geometry information includes at least one of length, width
and thickness variation information associated with ele-
ments of the circuit design.
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377. A system for characterizing a circuit design using delta
information corresponding to characterization parameters of
the circuit design, comprising:

means for receiving a circuit design that includes a

plurality of cells and interconnects;

means for determining delta geometry information for the

circuit design;

means for calculating incremental timing differences for

the circuit design using the determined delta geometry
information; and

means for evaluating the incremental timing differences

against a timing budget to determine slack time 1n the
circuit design; and

means for generating dimensional varniation rules for the

circuit design based on the determined slack time.
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